Compact solid-state neutral particle analyzer in current mode Rev. Sci. Instrum. 83, 10D304 (2012) Source fabrication and lifetime for Li+ ion beams extracted from alumino-silicate sources Rev. Sci. Instrum. 83, 043303 (2012) Laser ion sources for radioactive beams (invited) Rev. Sci. Instrum. 83, 02A916 (2012) Producing persistent, high-current, high-duty-factor H− beams for routine 1 MW operation of Spallation Neutron Source (invited) Rev. Sci. Instrum. 83, 02A732 (2012) Additional information on Rev. Sci. Instrum. We describe a facility which allows us to measure projectiles scattered at an angle arbitrarily near 180°. The backscattered projectiles are deflected in the horizontal plane out of the incoming beam by a combination of electric and magnetic fields. The charged particles, which are spatially dispersed according to their energy, are detected by a cooled 300 mm 2 ion implanted silicon detector. By a judicious choice of the relative strength of both fields we ensure that the essential parts of the spectrum will not be distorted due to an energy dependent percentage of projectiles missing the detector. As the projectiles are also dispersed according to their charge state we are able to distinguish between, e.g., singly and doubly charged He projectiles as they hit the detector at different positions. The detector can be moved in the vertical direction to continuously vary the backscattering angle between 180°and 178.5°. This experimental result shows for the first time the angular range to which the 180°enhancement is confined. Such a device is ideally suited for investigating single crystals by uniaxial channeling blocking.
I. INTRODUCTION
Projectiles backscattered at angles ⌿ close to 180°can give more detailed information about the target compared to backscattering experiments using smaller angles. This holds especially for channeling blocking experiments on single crystals, where both the incoming beam and the direction to the detector are aligned with low-index axes or low-index planes of the crystal. This results in the so-called uniaxial channeling blocking, where the projectiles are conducted on their way into the target and out of the target within the same crystal channel. This procedure has the additional advantage that the detector aligning is not necessary, and so there is less ion induced damage of the target. Apart from a number of practical applications, uniaxial channeling blocking provides additional insight into the relation between the channeled and the dechanneled part of the intruding beam. 1 Also, when the target is polycrystalline or amorphous, projectiles backscattered close to 180°have very similar trajectories before and after the backscattering event. Stochastic processes on the two sections of the flight path may become correlated: the combined multiple scattering distribution is thus drastically reduced compared to scattering at a smaller angle, and this leads to the enhancement of the backscattering yield 2-4 at 180°. Energy loss straggling might become larger because of similar energy loss processes on the incoming and outgoing trajectory. Another correlation effect might arise for heavily ionizing projectiles: the backscattered particle may pass target atoms which have been excited or ionized on its way into the target; one has to bear in mind that the time which has elapsed between both encounters is only in the 10 Ϫ16 s range. In principle, there are two methods by which particles scattered at large angles can be detected.
͑i͒ The method most frequently used is to position the detector close to the incoming beam. This is best done by using an annular detector, where the beam passes through the hole drilled in the center of the detector. Compared to a standard detector, this layout has the advantage of a large solid angle in combination with a mean backscattering angle close to 180°. The disadvantage is the limited range of variation of the backscattering angle ͑one can only change it by moving the detector back and forth along the beam direction, however, this does not only change the backscattering angle but also the acceptance angle of the detector͒. The main shortcoming of this method is that the projectiles scattered exactly at 180°are not detected.
͑ii͒ This can be overcome by the second method. The 180°backscattered projectiles are separated from the incoming beam by transverse electric or magnetic fields. In general, the incoming beam is charged and is deflected by the applied fields onto the target. The projectiles which are backscattered opposed to the beam direction are either not deflected ͑because they are neutral or no field present͒ or deflected in the opposite direction; in both cases they separate from the beam and can be measured by standard particle detectors. When only an electric field is applied, the backscattered projectiles should pass the condenser without any deflection. This is feasible, either because they are neutral as they are in fact at low energies, 5 or because the capacitor has been discharged; this requires a chopped beam 6 as in timeof-flight measurements. A magnetic field separates backscattered projectiles from the incoming beam no matter whether they are neutral or charged. 7 In the late 1970s we developed a 180°backscattering facility 7 which made it possible for the first time to study projectiles with backscattering angles arbitrarily close to 180°. We used a vertical magnetic field which deflects both the beam in the horizontal plane onto the target and the backscattered charged projectiles towards a surface barrier detector. The magnetic field disperses the projectiles according to their momenta. To detect an essential fraction of the spectrum we had to move the rather small detector through the spatially dispersed spectrum.
To overcome this time consuming procedure, we have built a new facility using a larger detector. In addition, we introduced a horizontal electric field: on the one hand it further increases the separation between the incoming beam and the neutrals; on the other hand, it partially compensates the dispersion of the charged particle spectrum due to the magnetic field. This reduces the required detector size. Finally, in Ref. 7 we have proposed a procedure to continuously vary the backscattering angle around 180°; this has been realized now. In the following sections we will discuss these improvements and present first experimental results.
II. REALIZATION OF THE CONCEPT
The new assembly is ultrahigh vacuum ͑UHV͒ compatible, with all flanges manufactured according to Varian Conflat ® . It is pumped by a turbomolecular pump and cold fingers filled with liquid nitrogen. The base pressure is in the low 10 Ϫ9 mbar range. The device is connected to the beam transport system of a 700 keV single-ended Van de Graaff accelerator, which provides protons and helium ions with energies from 50 to 750 keV. Figure 1 shows a vertical cross section of the device in the vertical plane. The beam enters the detector chamber from the left-hand side and leaves it on the right toward the target chamber ͑not shown͒. It is collimated by two circular holes, D 1 and D 2 , separated by a distance of 2450 mm: D 1 ͑л 1.2 mm͒ is part of the beam line and is not shown in the figure. D 2 ͑л 0.8 mm͒ is mounted within the chamber. To make use of the full width of the tubes for projectiles scattered in the vertical plane at angles between 180°and 178.5°, the incoming beam enters the detector chamber in a horizontal plane 22 mm below the chamber axis, and at an angle of 1.4°with respect to the cross sectional plane shown in Fig. 1 . Downstream from D 2 , the beam is deflected first by the electric field of a condenser and then by a magnetic field which moves the beam into the cross sectional plane. The partition of the deflection on the two fields depends on the specific measurement and has to be chosen judiciously ͑see below͒. The magnetic field is effective along a distance of 186 mm. Due to the large air gap of the magnet ͑68 mm͒, we have to shield the fringing field to the right by three layers of metal. Diaphragm D 3 , which is a vertical slit with 1.15 mm width, is mounted in the cross. The region between D 3 to the target forms the drift space, which has a length of Lϭ1160 mm. D 3 guarantees the horizontal component of the backscattering angle to be exactly 180°if there are no transverse magnetic fields in the drift space. The vertical component of that angle is given by the vertical position of the detector baffle. The backscattered charged particles are deflected in the horizontal plane and the neutral ones remain in the cross sectional plane.
Two detectors are mounted in the detector chamber: their distance from the deflecting fields is governed by the condition that the separation between beam and backscattered particles has to be sufficiently large so that the detector housing does not interfere with the incoming beam. Therefore, the cooled 300 mm 2 ion implanted detector for the charged projectiles is closer to the deflecting fields than the cooled 25 mm 2 surface barrier detector for neutrals, which has to be positioned in the chamber axis. Both detectors can be shifted up and down. In this way, we can select particles scattered at different backscattering angles. The charged particle detector has to be placed sufficiently high, so as not to obstruct the neutral particle detector.
A. Ion optics
Due to the divergence of the incoming beam and the finite acceptance angle of the detectors, we measure a distribution of backscattering angles around 180°. This distribution is best characterized by the mean backscattering angle 7 ⌿ rms which obviously has to be less than 180°. If we assume that within the small acceptance angle determined by diaphragms D 1 and D 2 , projectile density in phase space is constant, we can calculate a probability density, g͑⌽͒, that a trajectory of the incoming beam makes an angle ⌽ with the beam axis. The rms divergence, i.e., the standard deviation of the angular distribution ⌽ rms , now follows as the square root of ͐⌽ 2 g(⌽)d⌽. A similar distribution can be calculated for the backscattered projectiles starting with the calculated beam density on the target and assuming constant probability for backscattering in a small solid angle around 180°. The relevant detector acceptance is determined by the width of D 3 and the height of the detector baffle; so we get ⌽ rms Ј as standard deviation for the backscattered particles. As long as ⌽ rms , ⌽ rms Ј and ͉Ϫ⌿͉ are small compared to Eq. ͑1͒, the mean backscattering angle ⌿ rms follows from
where ⌿ is the nominal backscattering angle, i.e., the backscattering angle for an infinitely narrow beam ͑⌽ rms ϭ0°͒, and for infinitely small acceptance of the detectors (⌽ rms Ј ϭ 0°). It simply follows from geometrical considerations.
As mentioned before, we use a combination of a magnetic and an electric field with a variable ratio of field strengths. Both deflect the projectiles in the horizontal plane. across the condenser is chosen as a function of the projectile's energy so that the essential portion of the backscattered spectrum can be detected. Then the magnetic field has to be set so as to provide the total deflection of 1.4°; this procedure is facilitated by maximizing the backscattering rate from a line target in the target chamber. This is an essential procedure which guarantees that the beam passes slit D 3 without giving rise to many backscattered projectiles ͑note that the detector solid angle seen from the slit D 3 is larger by a factor of 30 than that seen from the target͒. To further reduce this background, D 3 is made out of two sheets of beryllium.
The drift space has to be free of any ͑strong͒ magnetic field B. This ensures that particles which pass slit D 3 before and after backscattering have been scattered at a nominal angle of ⌿ h ϭ180°, as far as the horizontal component is concerned. When the detector is positioned at the height of the incoming beam, this will apply to the vertical component ⌿ v too. However, in spite of the -metal shielding there is a non-negligible contribution to B along L arising from the fringing field extending beyond D 3 . Hence, we have to consider primarily the vertical component of B, B Ќ . In our experiments we use heavy projectiles with energies of several 100 keV, so the influence of the earth's magnetic field can be safely neglected. To put the condition for 180°backscatter-ing in a more quantitative form, we have to postulate that the deviation of ⌿ from 180°has to be small compared to the angular spread ͑⌽ rms ͒ of the beam or of the backscattered projectiles (⌽ rms Ј ) hitting the detector ͓see Eq. ͑1͔͒:
Here, q 1 , m 1 , and v 1 are the charge, the mass, and the velocity of the incoming projectile, respectively, the prime marks quantities that apply to backscattered projectiles and the integration is performed over the length L of the drift space. As the fringing field is roughly proportional to the deflecting field and hence to the projectiles' momentum, the left-hand side of Eq. ͑2͒ is fairly constant. One can see that a reduction of the value of the integral over B Ќ , e.g., by an auxiliary field has not been carried out point by point but only in the average. To have this option, we have mounted along L a pair of air-core coils on top and below the bottom of the vacuum tubes. Using the magnitude of the 180°en-hancement as feedback quantity, we can minimize the lefthand side of Eq. ͑2͒. After passing D 3 , the backscattered projectiles reenter the magnetic and electric fields, and reach the detector spatially dispersed according to their energies. The charged particle detector is positioned as close as practicable to the incoming beam. The detector has a diameter of DϷ19.5 mm and is covered by a rectangular baffle ͑18 mm wide and 3 mm high͒. Figure 2 shows the calculated trajectories for projectiles ͑k factorϷ1͒ with energies equal to E 0 , 0.75 E 0 , 0.5 E 0 , 0.25 E 0 , and 0.1 E 0 , respectively. It should be noted that with the electric and magnetic fields adjusted to deflect the incoming beam with energy E 0 onto the target, backscattered projectiles with energies of a certain fraction of E 0 will have identical trajectories independent of the value of E 0 .
When the incoming beam is deflected mainly by the magnetic field, the backscattered particles with EϭE 0 hit the center of the detector, but projectiles with energies smaller Fig. 3 , but presented in a cumulative manner and normalized to 1. Each fraction S i gives the relative contribution to the total spectrum from projectiles hitting the corresponding section of the detector. than 0.2 E 0 miss the detector at the outer edge. Increasing the electric field and decreasing the magnetic field to keep the total deflection constant shifts the projectiles with E 0 towards the inner edge of the baffle. As projectiles with lower energies are strongly affected by the electric field, the dispersed spectrum is compressed and the detector intercepts a larger part of the spectrum. In addition, introducing an electric field leads to an inversion of the dispersion ͑see Fig. 2 for energies smaller than E inversion ͒. This is due to the fact that going down in energy the backdeflection of the electric field increases faster ͑indirect proportional to energy of the projectiles͒ than the deflection by the magnetic field ͑indirect proportional to momentum͒. The criterion for optimizing the magnetic and electric fields is to have the essential parts of the backscattering spectrum within the 18 mm of the detector baffle.
FIG. 4. Spectra taken from
Furthermore we note that He ϩϩ and He ϩ projectiles hit the detector at different positions. This is due to the spatial separation of the magnetic and the electric field. The magnetic field deflects He ϩϩ projectiles more than He ϩ projectiles. Whereas the electric field compensates to a great part for the larger deflection angle, it does not compensate for the larger axis offset the He ϩϩ projectiles have been obtained in the drift space between both fields.
By an adjustable baffle in front of the detector we can select different sections of the spatially dispersed spectrum and hence the spectra of different charge states. This is elucidated by Figs. 3, 4 , and 5. In Fig. 3 , we show spectra of 600 keV protons backscattered from a thick tantalum target. The spectrum T 0 was taken with the total detector exposed to the projectiles. For the other spectra each time only one-sixth of the detector ͑3ϫ3 mm͒ was left free, the rest has been covered by a baffle: going from T 1 to T 6 corresponds to moving the baffle across the detector from its side near the incoming beam to the far-off side. We have T 0 ϭ ͚ iϭ1 6 T i . All spectra have been taken with the same fluence accumulated on the target. The hump at the high energy edge of the spectra T 0 is due to the yield enhancement 2 at 180°. Most of the projectiles with energies larger than E 0 /2 hit the detector within the first three sixths ͑spectra T 2 and T 3 , as there are no counts in the spectrum T 1 ͒. This is presented in a slightly different way in Fig. 4 . Here we show the cumulative distribution S j ϭ ͚ iϭ1 j T i normalized to 1 as a function of the projectile's energy. The diagram demonstrates at a given projectile energy the relative contributions of the six different regions of the detector to the spectrum. Due to the finite acceptance angle of D 3 , the ranges in energy coming from adjacent regions of the detector overlap. Figure 5 corresponds to 600 keV He ϩ ions backscattered from a thick target. Here, we use a stronger electric field as we did for protons. So there is an essential fraction of the high energy part of the spectrum already in S 1 . A minor contribution comes from S 2 . The fact that for energies larger than 250 keV we find S 2 ϭS 3 indicates that no projectiles with energies larger than 250 keV hit the detector within the third sixth. But in contrast to Fig. 4 , we find contributions to this high energy part also from S 4 . We can show that when the target is charged to about 20 kV, the spectrum S 1 remains almost unchanged, whereas S 4 is shifted in energy. From this follows that S 1 is due to He ϩ projectiles which have the same charge state as the incoming beam, whereas S 4 is formed by He ϩϩ projectiles, which hit the detector in the far-off half, in agreement with the calculations. Note in Fig. 5 
B. Detector system
Our solid state ͑ion implanted and surface barrier͒ detectors are manufactured by ORTEC. To reduce thermal noise and noise due to reverse current, the detector systems are cooled. Up to now, in all experiments performed in our laboratory cooled solid state detectors were fixed to a Dewar with liquid nitrogen to keep them at a low constant temperature of 77 K. Here, the noise of the boiling nitrogen induces in our 300 mm 2 detector a strong resonance at about 10 kHz. Most probably this is due to a spring between detector chip and external connector. To overcome this problem we proceeded as follows. Instead of using the boiling point of N 2 to pin the temperature of the 300 mm 2 detector to a low value, we use the melting point of CS 2 . Carbon disulfide melts at 162 K and has a large melting enthalpy of 4.39 kJ/mol comparable to that of ice. Solid CS 2 is produced by liquid nitrogen running for a certain time ͑Ϸ40 min͒ through a U-shaped copper tube immersed into the liquid carbon disulfide. However, one has to proceed with caution as CS 2 is explosive in the vapor phase and poisonous. As can be seen in Fig. 6 , the liquid is enclosed in a stainless steel tube sealed by a Conflat ® flange; the space above the liquid is filled with argon gas. About 0.75 l of solid CS 2 keeps the detector at 162 K for 150 min at least. A cooling run for about 40 s every 30 min turned out to keep the detector system cold as long as necessary.
The detector output is dc-coupled to the cooled input stage of the preamplifier with the detector housing connected to the bias voltage. We use a similar design for the preamplifier as published in Ref. 8 . The only essential modification is that to compensate for the large capacity of the detector two field effect transistors ͑FETs͒ in parallel instead of one form the input stage. The output signal from the preamplifier is fed into standard ORTEC electronics. The following resolution values in Table I have been obtained for three ion implanted detectors of different sizes.
III. RESULTS
In Fig. 7 we show the spectra of 400 keV helium projectiles backscattered from a thick gold target under ⌿ϭ180°, 179.9°, and 179.6°, respectively. By iteration, the compensating magnetic field of the auxiliary air-core coils and the vertical position of the charged particles detector have been optimized to give the maximum enhancement. Once the 180°position of the detector is fixed, the nominal backscattering angle ⌿ follows from the vertical shift of the linear motion drive to which the Dewar with the detector housing is fixed.
To quantitatively describe the effect we quote for each backscattering angle the number of excess atoms ⌬N which would result in the same yield enhancement. 3 In contrast to the height of the enhancement, this quantity does not depend on detector resolution. In Table II we have stated the corresponding values of the three angles, compared with the measurements quoted in Refs. 3 and 9.
The number of excess atoms decrease by a factor of 2, when the backscattering angle is changed form 180°to 179.9°. This experimental result shows for the first time the angular range to which the 180°enhancement is confined. 
